Fingerprinting of RNA by arbitrarily primed PCR was used to identify a heat-inducible gene in Campylobacter jejuni. Comparing RNA fingerprints from C. jejuni cells before and after 20 min of heat shock at 48³C, a differentially amplified PCR product was identified which displayed a high degree of homology to bacterial lon genes. By screening C. jejuni genomic libraries, the entire lon gene was cloned and sequenced. It encodes a protein of 791 amino acids with a calculated molecular mass of 90.2 kDa. Alignment of the Lon amino acid sequence with that of other bacterial species revealed an overall identity of up to 56.6% (Helicobacter pylori). Northern and RNA dot blot experiments confirmed heat induction of the C. jejuni lon gene, revealing a maximum 6^8-fold increase in the level of specific mRNA. z
Introduction
In conditions of stress, e. g. temperature or nutrient change, prokaryotic as well as eukaryotic cells react through the induction of so-called stress or heat shock proteins (HSPs). In most bacteria studied so far, a group of ATP-dependent proteases, which are involved in the degradation of abnormal and denatured polypeptides, is over-expressed during heat shock. In Escherichia coli, two proteolytic systems belonging to this group, the Clp (Ti) and the Lon (La) proteases, have been studied in detail. The Lon protease is an ATP-dependent serine protease with ATPase activity, encoded by the lon gene of E. coli [1] . Genes encoding Lon-like proteins have been cloned from several bacterial species [2^5] , and in at least two organisms (Myxococcus xanthus, Bacillus brevis) lon is not heat-inducible [6^8] .
Campylobacter jejuni, a microaerophilic, Gramnegative rod, is now recognized as a leading cause of human enteritis throughout the world [9] . However, despite many years of research, the molecular mechanisms underlying Campylobacter pathogenicity are still poorly understood. Heat shock proteins are of crucial importance during bacterial infection, as they (i) represent major targets of the host's immune response and (ii) enable the microbial pathogen to cope with numerous stresses to which it is exposed within the host organism. In C. jejuni, heat-inducible GroEL-and GroES-like proteins were shown to be immunogenic in experimentally infected rabbits [10] , but no heat shock gene of this bacterial pathogen has been cloned and characterized so far. Screening for altered gene expression seems to be a promising strategy to detect heat-inducible genes. In addition to subtractive hybridization, which has been successfully applied to isolate new heat shock genes in Lactococcus lactis [11] , PCR-based methods, such as differential display (DDRT-PCR) and RNA arbitrarily primed PCR (RAP-PCR), have recently been developed to identify di¡erentially expressed genes in eukaryotic organisms [12, 13] . However, in bacterial species, di¡erential display is hampered by the limited amount of mRNA polyadenylation. Recently, Abu Kwaik and Pederson modi¢ed DDRT-PCR to screen for Legionella pneumophila genes induced in the early stages of macrophage invasion [14] . As no poly(A)-dependent locking primer is necessary for RAP-PCR, this method may prove useful in prokaryotic experimental systems. However, to our knowledge, there is only one report on successful identi¢cation of di¡erentially expressed genes in bacteria using RAP-PCR [15] .
Materials and methods

Bacterial strains and growth conditions
C. jejuni (clinical isolate, Lior serotype 11, kindly provided by Prof. H. Karch, Department of Hygiene and Microbiology, University of Wu ë rzburg) was grown on agar plates for 18 h at 37³C, in a microaerophilic atmosphere (5% O P , 10% CO P ). For heat shock experiments, C. jejuni cells were harvested and subcultured to brain-heart broth, supplemented with 1% yeast extract (BHIYE) [10] . Thereafter, bacteria were shifted from 37³C to 48³C for 53 0 min. E. coli strains were grown under standard conditions on LB agar or in LB broth supplemented with ampicillin at a ¢nal concentration of 50 Wg ml 3I , as required.
DNA techniques and nucleotide sequencing
Genomic DNA of C. jejuni was isolated as described by Wilson [16] . Plasmid DNA was puri¢ed using the QIAprep plasmid kit (Qiagen, Hilden, Germany). DNA fragments were radiolabelled with [K-QP P]dCTP by random priming. For nucleotide sequencing, internal primers and nested deletions (Erase-a-Base system; Promega, Madison, WI, USA) were used. DNA sequencing reactions were run on Applied Biosystems 373A sequencing machines. Nucleic acid and predicted amino acid data were analyzed by DNASIS software package (Hitachi, Tokyo, Japan). The H. pylori DNA sequences were obtained from the website http://www.tigr.org/ tdb/mdb/hpdb/hpdb.html (provided by the Institute for Genomic Research, TIGR, Rockville, MD, USA).
RNA isolation and analysis
Total RNA was isolated from bacterial cells using TRIzol reagent (Gibco-BRL, Gaithersburg, MD, USA), according to the manufacturer's instructions. DNA contaminations were removed by DNase I treatment. Northern blotting was performed as described by Brown [17] . A 0.24^9.5-kb RNA ladder (Gibco BRL) was used as a size marker. For dot blot analysis, RNA was diluted in 10USSC, denatured at 90³C for 10 min, and spotted onto a nylon membrane (Hybond N; Amersham, UK). Northern and dot blots were subjected to hybridization with the QP P-labeled insert of pRAPA3 (pb1, see below).
Fingerprinting of RNA
RAP-PCR followed the procedure described by Wong and McClelland [15] . Materials were provided by the Stratagene RAP-PCR kit (Stratagene, La Jolla, CA, USA). Brie£y, 1 Wg of total RNA from C. jejuni, heat-shocked for 20 min, and 1 Wg of`control' RNA (from C. jejuni before heat shock) were transcribed into cDNA and primed by an arbitrarily chosen oligonucleotide (A1^A5, respectively; Stratagene). After ¢rst-strand synthesis, 1 WCi of [K-QS S]dATP and 1 U of Taq polymerase were added, and PCR was conducted with the following cycle parameters: 94³C for 1 min, 36³C for 5 min, 72³C for 5 min (1 cycle); 94³C for 1 min, 52³C for 1 min, 72³C for 2 min (40 cycles). 2 Wl of PCR sample was loaded onto a denaturing 4% polyacrylamide-8.3 M urea sequencing gel. After drying and autoradiography, bands of interest were cut from the gel, and the DNA was eluted. Reampli¢cation was performed without radiolabelled deoxynucleotides using highstringency PCR conditions as described above.
Southern blot analysis and colony screening
Genomic DNA of C. jejuni was digested with restriction endonucleases ClaI, EcoRI, PstI, XbaI, HindIII, BclI, and BglII. The DNA was separated by agarose gel electrophoresis and transferred to nylon membranes using standard techniques [18] . C. jejuni plasmid libraries were constructed by ligating BglIIand BclI-digested genomic DNA into plasmid vector pET-22b(+) (Novagen, Madison, WI, USA) predigested with BglII and BamHI, respectively. The BglII library was screened with pb1, and the BclI library was screened with a radiolabelled PCR product (pb2) obtained from C. jejuni DNA by means of oligonucleotide primers 5P-AAGACAAATTCAAA-AAGAGCTTG-3P and 5P-AGCTGTTTTGAAACT-TCCTTAAT-3P. Hybridization and high-stringency washing were performed as described in [18] .
Results and discussion
RAP-PCR and cloning of the lon gene
Using ¢ve di¡erent 18-base primers (A1^A5), ¢ve RNA ¢ngerprints from C. jejuni (i) heat-shocked for 20 min at 48³C and (ii) grown without heat shock were generated. About 10^30 PCR products were ampli¢ed with each primer A1^A5 (data not shown). One ampli¢ed DNA product, to which no corresponding`control' fragment was observed, was ampli¢ed using primer A3 (5P-AATCTAGAGCTCTC-CTGG-3P). This PCR product was cut from the gel, reampli¢ed, cloned (further referred to as pRAPA3), and sequenced. When compared to the GenBank data base, the 550-bp insert of pRAPA3 displayed a high degree of similarity to bacterial lon genes. Southern blot experiments revealed that a BglII-digested 5-kb fragment hybridized to the cloned PCR product. Therefore, a BglII plasmid library was constructed as described. Colony blotting identi¢ed a positive transformant containing a 5-kb insert (designated pETlon1). A data base homology search, based on the nucleotide sequence analysis of this insert, showed that the 3P end of the C. jejuni lon gene was present in the plasmid. In order to obtain the nucleotide sequence of the entire gene, a 262-bp fragment was ampli¢ed from the known lon region upstream of a unique BclI site and used as a probe (pb2) to screen a BclI library. One transformant was found to harbor a plasmid, referred to as pETlon2, with a 1.6-kb insert containing the 5P end of the lon gene (Fig. 1). 
Nucleotide sequence analysis of lon and the £anking regions
Nucleotide sequence analysis of the pETlon2 and the relevant region of pETlon1 revealed the presence of an open reading frame (ORF1), which is 2373 bp long and encodes a polypeptide of 791 amino acid residues with a calculated molecular mass of 90.2 kDa. The predicted amino acid sequence of ORF1 displayed a high degree of similarity to that of other bacterial Lon proteins. ORF1 is preceded by a puta- tive ribosome binding site (AGGA) 10 bp upstream of the AUG start codon. A stem loop structure, 27 bp downstream of the stop codon, may function as a rho-independent transcription termination signal. The average A+T contents of the lon gene at positions 1, 2, and 3 of codons are 54%, 72%, and 84%, respectively, which is typical of the C. jejuni codon usage. Lon appears to be a single copy gene in C. jejuni, as only one hybridizing band was observed in genomic digests when probed with pb1 and pb2, respectively (Fig. 2) . The C-terminus-encoding part of a putative ORF (ORF2) was found upstream of the lon gene. Data base search revealed 35% identity and 59% similarity of the predicted amino acid sequence to a putative H. pylori polypeptide (HP1378) provided by the H. pylori genome sequencing project [19] . As in C. jejuni, the encoding H. pylori gene is located immediately upstream of the lon locus. Although the H. pylori polypeptide has been classi¢ed as a competence lipoprotein (ComL) homolog, we did not detect signi¢cant homology between the truncated C. jejuni ORF2 and bacterial comL genes or between the predicted amino acid sequences. Downstream of lon an operon consisting of three additional ORFs, preceded by a typical C. jejuni consensus promoter sequence [20] , was identi¢ed. These ORFs encode a 86-aa polypeptide homologous to bacterial ribosomal protein (rp) S18, a polypeptide homologous to bacterial single strand DNA binding protein (ssb), and a polypeptide homologous to bacterial rp S6. These ORFs are oriented in the opposite direction to the lon gene. Interestingly, in the H. pylori genome, the rp S18, ssb and rp S6 genes (HP1244^HP1246) are not located beneath the lon gene (HP1379) [19] .
The deduced amino acid sequence of the lon gene product revealed 56.6% overall identity to that of the putative Lon protein of H. pylori [19] , 41.1% to that of Bacillus subtilis [4] , 39.6% to that of E. coli [1] , and 38.8% to that of Erwinia amylovora [3] . An ATP-binding site derived from the consensus sequence GPPGVGKT [1] was found to be highly conserved (positions 364^371). A second putative ATPbinding site (positions 420^431), however, showed only low homology to the proposed consensus sequence [1] . A pattern of nine amino acids, found in most Lon proteases containing the postulated active serine site Ser TWU , was identi¢ed at positions 694^702 [21] . Multialignment of the entire amino acid sequence revealed that the regions which encompass the two ATP-binding domains were the most conserved, whereas the N-terminus of the protein was highly variable. 
Transcription analysis of the lon gene
To verify that lon is di¡erentially expressed under heat shock conditions, Northern blot and dot blot analyses were performed. Total RNA was isolated from C. jejuni before and 5, 10, 20, and 30 min after a heat shock at 48³C. Using the QP P-labelled insert of pRAPA3 as a probe (pb1), the dot blot experiments revealed an rapid increase in the mRNA level after 5 min, reaching its maximum (about 6^8-fold) after 20^30 min (Fig. 3) . In Northern blot analysis, pb1 hybridized to a single mRNA species of about 3.0 kb that was strongly induced during heat shock, which con¢rmed the dot blot results (Fig. 4) . Dot blot and Northern blot experiments indicated that heat induction of the lon gene is regulated at the level of transcription.
Since (i) neither regions similar to E. coli c UH or heat shock (c QP ) consensus promoters nor sequences resembling C. jejuni consensus promoters [20] could be identi¢ed in front of lon, (ii) primer extension experiments with primers derived from the lon coding sequence did not yield a distinct band (data not shown), and (iii) the length of the 3.0-kb transcript detected in Northern blot experiments exceeded that of the full length 2.4-kb lon gene, we supposed that in C. jejuni the lon gene may be co-transcribed together with the upstream putative comL gene. This would be surprising, because for most bacterial lon genes studied so far, the transcription start point has been mapped immediately upstream of the lon coding region, and because the comL genes described in B. subtilis and in Neisseria species are not known as heat-inducible [22, 23] . Rehybridization of the Northern and dot blots used for Figs. 3 and 4 with a probe consisting of the partial coding sequence of ORF2 revealed a transcript of 3.0 kb that was heat-inducible (data not shown), indicating that ORF2 and lon are co-transcribed and co-induced. Experiments are currently being performed to clone the missing 5P end of ORF2 and the upstream £anking region. Fig. 4 . Northern blot analysis. RNA was isolated from C. jejuni before (A) and 5 (B), 10 (C), 20 (D), and 30 min (E) after heat shock at 48³C. 10 Wg of total RNA was blotted and subjected to hybridization with the QP P-labelled insert of pRAPA3. The molecular size standards are in kb.
